[1] The K a band radar imaging mechanism of the submerged wreck/sand ribbon of the motor vessel (M/V) Birkenfels in the southern North Sea is investigated by applying the quasi-specular scattering theory and considering the capillary as well as the gravity wave ranges of the wave energy density spectrum. For the imaging of wrecks and other oceanographic and meteorological phenomena at the sea surface it is assumed that quasi-specular scattering becomes dominant at higher radar frequencies like K a and X band and wind speeds ≥ 7-8 m s −1
[1] The K a band radar imaging mechanism of the submerged wreck/sand ribbon of the motor vessel (M/V) Birkenfels in the southern North Sea is investigated by applying the quasi-specular scattering theory and considering the capillary as well as the gravity wave ranges of the wave energy density spectrum. For the imaging of wrecks and other oceanographic and meteorological phenomena at the sea surface it is assumed that quasi-specular scattering becomes dominant at higher radar frequencies like K a and X band and wind speeds ≥ 7-8 m s . Multibeam echo sounder images of the Birkenfels wreck and associated sand ribbons as well as other available environmental in situ data have been analyzed. The formation of sand ribbons at the sea bed and the manifestation of its radar signatures at the water surface are caused by an elliptical vortex or helical flow cell triggered by unidirectional tidal current flow interacting with the wreck. The difference between simulated and measured normalized radar cross section (NRCS) modulation as a function of the space variable is less than 31.6%. Results are presented for NRCS simulations dependent on position for different effective incidence angles, unidirectional current speeds, wind speeds, and relaxation rates. The calculated current gradient or strain rate of the imaging theory has the same order of magnitude as those obtained for marine sand waves. This implies that the responsible hydrodynamic interaction mechanism is able to produce radar signatures of submerged wrecks/sand ribbons and make them visible at the sea surface.
Introduction
[2] Wreck search and other investigations of submerged obstacles are special applications of hydrographic surveying. Its goal is primarily the determination of the location with the exact positioning and surveying of the shallowest water depth above wrecks and objects on the sea bed. To ensure the safety of shipping, these data are indicated as symbols and abbreviations in nautical charts and electronic navigational chart data of the Electronic Chart Display and Information Systems. More information about wreck search, wreck positions in the North and Baltic seas, and historical and modern wreck search methods can be found, for example, at http://www.bsh.de. A wreck extending some 15 m above the sea bed in the vicinity of Sandettie Bank in the southern North Sea was undetected for 35 years [Van Riet et al., 1985] . Sea areas with numerous shipwrecks can be an indicator for the occurrence of abnormal waves such as freak or rogue waves [Tamura et al., 2009] . Numerous ship accidents have occurred in crossing sea conditions [Toffoli et al., 2005] .
[3] When planning ship and deep-drought routes it is necessary to investigate all wrecks in the vicinity of the route and to guarantee sufficient water depth above the wrecks. Displacements of ship wrecks and the genesis of scour hollows according to bottom currents can occur. It was shown by Caston [1981] that the head and tail aprons of sand waves manifesting to the north and south ends of sand banks in the North Sea are similar to wreck marks from a wreck lying subparallel to the regional sand transport direction. Sand in transit is slowed by the obstacle, swept along the wreck, and then passes on into a plume of sand waves from its downstream end.
[4] Under certain conditions, radar signatures of the sea surface not only show underwater bottom topography features and other oceanographic and meteorological phenomena in shallow waters, but also the position of submerged wrecks. A curved wake of a submerged wreck imaged on a radar scene was identified by McLeish et al. [1981] . The wake extends more than 4 km along the changing direction of the tidal flow. Several radar signatures corresponding with positions of submerged wrecks on sea charts in the Strait of Dover and the Southern Bight of the North Sea were identified by Hennings [2002] . Radar signatures associated with wrecks are imaged like comet marks on side-scan sonar records due to acoustical backscattering contrast between the erosive zone and the surrounding sea bed. Comet marks are defined as obstacle-induced, long erosion strips occurring on current-affected sea bottoms [Werner et al., 1980] . Radar signatures caused by submerged wrecks can also be com-pared with a turbulent ship wake of reduced radar backscatter (i.e., imaged as a dark feature) with one edge of enhanced radar backscatter (i.e., imaged as a bright feature). The bright edge has been observed on the windward side of the wake. This is an area of intense water surface roughness. Short water waves are decelerated if they reach the turbulent wake region associated with a vortex pair produced by the ship hull and gives rise to horizontal currents.
[5] However, the full details of flow patterns around an obstacle like a wreck are still unknown, even for unidirectional currents. Wreck marks as an indicator of net sand transport were discussed by Caston [1979] . It has been assumed that the vortex created in front of an obstacle curls around it in a horseshoe shape. In some cases, the horseshoe vortex system extends downstream as two helical eddies. Werner et al. [1980] discussed the pattern of a secondary flow behind a spherical obstacle. They found that this pattern should probably be interpreted as a pair of oppositely rotating spiral vortices. Ward et al. [1999] discussed a new process-based model for wreck site formation. Secondary circulation cells in river channel confluences were analyzed by Lane et al. [2000] using solutions of 3-D Navier-Stokes equations for open channel flow coupled with an unsteady turbulence model. The current knowledge of scour at fully submerged structures under steady and oscillatory flow regimes has been reviewed by Quinn [2006] .
[6] The motivation for this study originated from the visibility of radar signatures caused by submerged wrecks and a desire to understand the mathematical and physical formulation of the imaging mechanism based on in situ data. Here, the formation of wreck marks like sand ribbons at the sea bed and the associated manifestation of radar signatures at the water surface caused by a vortex pair or helical flow cells triggered by unidirectional tidal current flow interacting with a wreck are discussed. In section 2, data from the wreck of the motor vessel (M/V) Birkenfels are described and analyzed. The proposed radar imaging theory of the submerged wreck associated with sand ribbons is presented in section 3. Results of simulated and measured normalized radar cross section (NRCS) modulations are shown in section 4. Finally, section 5 contains the discussion and conclusions.
Birkenfels Wreck Data
[7] On 7 April 1966 the German M/V Birkenfels was on voyage from Bremen, Germany, to Khorramschar, Persian Gulf, with 8750 tons of steel and general cargo on board. Around noon, in dense fog, the heavy lift ship came in collision with the German M/V Marie Luise Bolten (15,395 GRT) about one nautical mile (1.852 km) south of Noord Hinder lightship in the southern North Sea and sunk. All crew members were rescued by M/V Marie Luise Bolten Figure 1 . The bold black frame indicates the sea area imaged by the K a band radar (see Figure 4 ) which covers parts of the West, Noord, and Oost Hinder Banks including the wreck position. The shallowest water depth is about 8 m above the crests of the banks and the maximum water depth is 46 m in the swales between the tidal current ridges. The inset of Figure 1 is an image of the wreck buoy located west of the M/V Birkenfels wreck position. At the time the M/V Birkenfels sank, only few prescribed shipping channels through the mine-dispersed waters of the North Sea had been opened since the end of World War II. Between 1959 and 1964 a total of 1552 ships, an average of 300 ships per year, collided in the sea area of the German Bight and the English Channel and many of them sunk. To demonstrate the shape and size of the wreck, a picture of M/V Birkenfels before sinking on 7 April 1966 is shown in Figure 2 (http:// www.ddg-hansa.de). For completeness, general data of M/V Birkenfels and the position and water depth of the wreck are listed in Table 1 . [8] Figure 3 shows the Kongsberg-Simrad EM1002 multibeam echo sounder images of the M/V Birkenfels wreck at different view angles acquired during the survey on 10 July 2001 from on board the Belgium research vessel (R/V) Belgica. (For more information, see the Federal Public Service Economy, SMEs, independent Professions and Energy Service Continental Shelf, Belgium, and http:// www.mumm.ac.be). The EM1002 multibeam echo sounder has frequencies of 93 and 98 kHz; 111 acoustic beams are generated simultaneously up to 10 times/s, and the system has a range between 2 and 1000 m. The transducer has been attached to the bottom of the ship and is stretched out with a bar of about 1 m from beneath the keel. Manifestations of two sand ribbons [McLean, 1981] on both sides of the wreck with an angle of 25°in relation to the length scale of the wreck are shown in Figures 3a-3c . Heights of sand ribbons [9] Figure 4 is an airborne Westinghouse APD-7 real aperture radar (RAR) K a band image acquired at 1130 UT 8 December 1979 from on board a Lockheed P-3D Orion aircraft of the National Oceanic and Atmospheric Administration during ebb tidal current phase with the position of an analyzed radar image intensity profile A-A′ [Hennings, 1988] , which is not relevant here and is not shown in this paper. The radar signature of the M/V Birkenfels wreck/sand ribbon is identified in the upper left section of Figure 4 , marked by the white frame above the capital letter B. This radar signature with a length of 819 m is imaged like a comet mark often visible on side-scan sonar records. The spatial resolution of the RAR image is 10 m in antenna look direction and 2 mrad in flight direction. Mean height of the radar platform above the sea surface was 1300 m, the RAR had a frequency of 34.85 GHz with a wavelength of 0.86 cm, the polarization was horizontal/horizontal for transmitting and receiving, respectively, and the radar incidence angle was between 10°and 80°perpendicular to both sides of the aircraft flight direction. At the acquisition time, the RAR imagery was only produced by recording technique on photographic Kodak 2495 RAR negative film with polyester support. Film width was 127 mm. Figure 4 also indicates the aircraft flight direction, radar look directions to port and starboard sides of the aircraft flight direction, the mean wind direction, and the mean tidal current direction. The mean tidal current speed was 0.8 m s −1 and wind speeds between 8 m s −1 < U w < 9 m s −1 have been observed; the mean wind direction was from 270°and the mean tidal current direction was 224°. It is expected that a radar signature of the wreck/ sand ribbon evolves also during flood tidal current phase (northwesterly tidal current directions) at the same current speed of the order of 0.8 m s −1 , assuming similar environmental background conditions. Sea bed signatures of the Hinder Banks and signatures of marine sand waves are visible in Figure 4 . Furthermore, local wind streaks are imaged as bright radar signatures in Figure 4 .
[10] An enlarged RAR image section (marked by the white frame above the capital letter B in Figure 4 ) with the radar signature of the Birkenfels wreck/sand ribbon is shown in Figure 5 . For further analysis, the image is rotated 15°c lockwise so that the radar signature becomes located perpendicular to the current component u * of the secondary circulation cell in the image plane. Only u * of the helical flow will be considered for further analysis (see section 3.2 for explanations). The indicated black rectangle in Figure 5 marks the final image section for calculating the measured image intensity modulation that is shown in Figure 6 and has a size of 185 × 85 pixels. The spatial scale of each pixel is 4.5 m. Mean RAR grey level and image intensity modulation profiles of the Birkenfels wreck/sand ribbon signature are shown in Figure 7 . For the local mean RAR grey level or image intensity profile of one column of 85 pixels, all 185 pixel lines of the image have been averaged horizontally. The RAR image intensity modulation is given by (dI/I 0 ) RAR = (I − I 0 /I 0 ) where I is the local mean intensity and I 0 is the average background intensity value. The average background intensity value or digital number of I 0 = 162.33 was calculated from 256 (32 byte) available local grey levels of the whole RAR image presented in Figure 6 . In this analysis, it is assumed that the RAR is a linear imaging system. This implies that the relative RAR image intensity modulation (dI/I 0 ) RAR is equal to the relative NRCS modulation ds/s 0 . The data between 90 and 290 m of the x perp axis, indicated by two vertical lines in Figure 7 , have been used for comparison with the results of the simulation of the NRCS modulation presented in section 4. By passing the wreck/sand ribbon signature from WNW to ESE in the image, the NRCS modulation data show at first an increase or bright modulation followed by a decrease or dark modulation, respectively.
[11] To obtain information about the behavior of the current flow, routinely calculations of surface current speeds (intensities) and directions at the M/V Birkenfels wreck position were used exemplarily in the period 24-30 June 2008 (http://www.mumm.ac.be). These data are shown in Figure 8 and coincide with the data published by the United Kingdom Hydrographic Office [1976] representative for the acquisition time of the RAR image shown in Figure 4 .
The dominant signal of the surface current speeds anddirections presented in Figure 8 is the period T ≈ 12.5 h of the semidiurnal M2 tide. For the same period, a maximum variation of the water surface elevation of about 2.80 m due to tidal current forces has been calculated by using hydrodynamic models (http://www.mumm.ac.be). It is evident from Figures 3-8 that all three directions defined by: (1) the sand ribbons associated with the wreck at the sea bed, (2) the associated orientation of the radar signature at the sea surface, and (3) the dominant current flow, respectively, coincide within an angle of 15°. For simulations of the NRCS modulation, it is assumed that the shape, position, and orientation of the wreck; the sand ribbons around the wreck; and the dominant peak tidal current speed may have not changed significantly during the different periods between the observation events.
Theory of the Imaging Mechanism
[12] A new view on the radar imaging mechanism of submerged wrecks associated with sand ribbons is proposed here applying the quasi-specular scattering theory of shallow sea bottom topography considering the capillary as well as the gravity wave ranges of the wave energy density spectrum. A transverse secondary circulation flow model is presented describing the interaction between the wreck/sand ribbon and the current field of an elliptical gyre caused by the unidirectional (tidal) current stream passing the wreck. It has been generally accepted by the scientific community that the radar imaging mechanism of underwater bottom topography can be physically and mathematically described as a process consisting of at least three steps [Alpers and Hennings, 1984; Hennings and Herbers, 2006] : (1) The interaction between the (tidal) current and the sea bottom topography causing variable current velocities and creating alternating divergent and convergent zones at the sea surface.
(2) The modulation of the short-scale sea surface roughness by the variations in surface current is described by the weak hydrodynamic interaction theory in the relaxation time approximation. (3) The disturbance to the variance of the slopes of short ocean surface waves via the modulation of the spectral wave energy density at the water-air boundary layer and the resulting modification to the radar backscatter summarize the final part of the interaction mechanism.
Quasi-Specular Scattering Theory
[13] Radar signatures of sea bottom topography are dominated by Bragg scattering since most of the imaging radars operate at incidence angles between 20°and 70° [ Valenzuela, 1978] . At radar incidence angles less than 20°, quasi-specular scattering dominates. In addition, quasispecular scattering becomes dominant at higher radar frequencies of about 9.5 GHz. According to the Bragg scattering theory, the NRCS for small water surface waves is proportional to the wave height spectral density at the Bragg backscatter wave numbers. For quasi-specular scattering from a rough ocean surface, the NRCS is proportional to the total variance of slopes created by ocean surface waves. The radar imaging mechanism of sea bottom topography applying Bragg scattering depends strongly on radar incidence angle, radar frequency, radar polarization, current speed and direction, as well as wind speed and direction. The most important assumption for the radar imaging mechanism of submarine bed forms is the presence of strong currents, preferably tidal currents ≥0.5 m s −1 at wind speeds ≤8 m s −1 . Specular reflection arises when radiation is scattered into a given direction from surface regions with slopes such that the local specular direction coincides with the scattering direction. The quasi-specular scattering theory can be applied if the wavelengths of waves in the ocean contributing to the mean square surface slope are greater than the wavelength of the microwave.
[14] An extended overview of the relevant theory is given in the next part of this section. In this study, the quasispecular scattering theory [Barrick, 1968] is applied for two different wind regimes. The NRCS modulation ds/s 0 caused by the disturbance of the surface current dU(x) due to marine sand waves based on quasi-specular scattering and a Gaussian distribution of scattering facets is given by [Hennings et al., 1994; Hennings and Herbers, 2006; Matthews et al., 2008] :
where x is the space variable, s is the local NRCS influenced by the disturbance of dU(x), s 0 is the background NRCS, R(0) is the Fresnel reflection coefficient at normal incidence, 0 is the effective incidence angle for a real sea surface with roughness [Hennings and Herbers, 2006] , d is the time-dependent perturbation term of the incidence angle, s 0 2 is the mean square slope, and ds 2 is the timedependent disturbed square slope of water waves.
[15] It has been shown by Phillips [1958 Phillips [ , 1977 that the mean square slope of sea surface waves can be obtained from the wave height spectrum y(k) of ocean waves:
where k is the wave number vector and integrating in equation (2) should cover the responsible range of wave numbers (see equations (6)- (8)). The relationship between y(k), the wave energy density spectrum F(k), and the wave action density spectrum N(k) = F(k)[w′(k)] −1 is defined by Holliday et al. [1986] :
where w ′ is the intrinsic angular wave frequency defined by:
and g denotes the acceleration of gravity and r and T are the density and the surface tension of water, respectively.
[16] The saturation spectrum corresponds to a wave field that, statistically, shows spatial discontinuities in the slope (i.e., the first spatial derivative). This fact emphasizes that the slope is a basic parameter for the waves [Jähne and Riemer, 1990] . From the experimental point of view, slope measurements offer a significant advantage to height measurements since the slope signal has a much smaller dynamic range. It has been demonstrated by Wu [1972] that the measured mean-square slope of the sea surface varies logarithmically with the wind velocity, and the rates of variation change with different boundary layer regimes of the wind. According to Wu [1972] , the mean-square slope can be derived by:
and
where B = 4.6 x 10 −3 , B ′ = 3.15 × 10 −2 , and U 10 is the wind velocity at standard anemometer height of 10 m; equation (8) is valid for 1.67 × 10 −2 U 10 2 ≥ 1; i.e., U 10 ≥ 7.74 m s −1 . The data analyzed by Wu [1972] indicated that the mean-square slope is the contribution of wave components from the gravity range only at low to moderate wind velocities of U 10 = U w < 7.74 m s −1 and from gravity as well as capillary ranges at high wind velocities of 7.74 m s −1 < U w ≤ 14 m s −1 . The first term on the right-hand side of equation (5) represents the contribution of gravity waves, and the second term on the right-hand side is the contribution of capillary waves to the mean-square surface slope.
[17] Because of measurements by Stolte [1990] , the empirical relation for B as a function of U w < 7.74 m s −1 is used:
and this implies that the capillary wave range will be neglected applying this relation. Neglect of the capillary waves in earlier approaches [Hennings et al., 1994] seems well justified here for the low wind case.
[18] The square tangent of the disturbed incidence angle in equation (1) is defined by Hennings and Herbers [2006] :
with the disturbed square slope
To transfer this change of sign to d, the following relation has to be defined as:
where x perp is the space variable defined perpendicular to the wreck mark or sand ribbon, k r is the lower limit of the wave number producing quasi-specular scattering modulation, k c is the maximum wave number where the quasi-specular scattering theory can be applied (i.e., the wavelengths of waves in the ocean contributing to the mean-square surface slope have to be at least equal or greater than the wavelength of the microwave), ∂u perp /∂x perp is the gradient or strain rate of the current velocity perpendicular to the sand ribbon, sgn is the notion for signum, and dy(x,k) is the perturbation term of the wave height spectrum in the shortwave regime caused by wave-current interaction applying weak hydrodynamic interaction theory [Alpers and Hasselmann, 1978] . The perturbation term dy(x,k) can be interpreted as the density of contributions to ds 2 per unit area in k space. A typical spatial scale of waves responsible for the quasi-specular scattering modulation assumed for K a band radar has to be in the range of wavelengths l c = 2p/k c = 0.0086 m and l r = 2p/k r = 10 m. These values have been selected because the K a band radar wavelength is l r = 0.0086 m and the spatial resolution of the radar is 10 m. The parameters d and ds 2 expressed by equations (11)-(12) are positive as well as negative depending on the sign of the current gradient or strain rate ∂u perp / ∂x perp . Short surface waves are stretched within a divergent current regime and the square tangent of the local incidence angle and the total variance of local slopes are reduced from equilibrium due to a diminishing wave height spectrum y(k) or wave energy density spectrum F(k). On the other hand, short surface waves are compressed within a convergent current regime, the square tangent of the local incidence angle and the total variance of local slopes are enhanced from equilibrium due to an increased wave height spectrum y(k) or wave energy density spectrum F(k).
[19] The modulation of the first order perturbed wave height spectrum is defined by dy/y 0 = (y − y 0 )/y 0 , with y 0 as the unperturbed wave height spectrum, which is proportional to the modulation of the wave energy density spectrum (see equation (3) for the relation between the local wave height and wave energy density spectrum). For the modulation of the first-order perturbed wave energy density spectrum dF/F 0 = (F − F 0 )/F 0 , with F 0 as the unperturbed wave energy density spectrum, the expression derived by Alpers and Hennings [1984] is used:
with
where c g is the group velocity of water waves, U 0 is the mean current velocity of the undisturbed sea area, L denotes the spatial scale in x perp direction of the residual flow cell, m is the relaxation rate parameter, and t r = m −1 is the relaxation time. Physically t r is the response time of the shortwave system to current variations. It is determined by the combined effects of wind excitation, energy transfer to other waves due to conservative resonant wave-wave interaction, and energy loss due to dissipative processes like wave breaking. It is assumed that for high-frequency imaging radars like K a band at U w ≥ 7.74 m s −1 the response time of the short-wave system is dominated by the wave excitation time or wave excitation rate. Very short capillary and gravity waves are predominantly and rapidly excited in the region of convergent current regimes because they act as a resistance against the near-surface wind stress due to present enhanced wave energy densities of other predominantly longer gravity waves within the whole wave spectrum. It can be explained as a so-called feedback mechanism. In this paper, t r or m is considered a free parameter. The range of g in equation (14) is between g = 0.5 (gravity waves) and g = 1.5 (capillary waves).
[20] Equation (13) is derived by applying the action balance or radiation balance equation based on the weak hydrodynamic interaction theory according to Alpers and Hasselmann [1978] . In this kind of transport equation the variation of the spectral energy density of short waves in a slowly varying current field is described. This implies that a slowly varying surface current is able to create only small magnitudes of the disturbed square slope. These conditions are often not fulfilled within a strong current gradient caused by large slopes of marine sand waves. On the other hand, according to the weak hydrodynamic interaction theory, it is sufficient that the "strain rate" has to be much less than the radian frequency of short surface water waves. This condition has been verified often during field experiments.
Secondary Circulation Flow Model
[21] Transverse secondary circulation of flow over a rough sea bed can be compared with Langmuir circulation at the water surface due to wind stress. The dominant scale of such circulation may be responsible for low-relief sand ribbons in the presence of strong tidal currents. Karl [1980] and Viekman et al. [1992] assumed that helical secondaryflow circulations within a boundary layer are responsible for the lineation development such as sand ribbons and sedimentary furrows. Secondary circulations in the sea bottom boundary layer concentrate large, low-density particles in zones where there is flow convergence on the sediment surface. Thereupon, lineations such as sand ribbons can be formed. The schematic representation of the relationship between secondary circulations of the boundary layer, zones of convergence, and divergence on the sea bed, sand ribbons, and sedimentary furrows in the model of furrow maintenance is presented in Figure 9 [Viekman et al., 1992] . It was shown by Hulscher [1996] that inclusion of vertical flow structures was necessary to describe the formation, or absence, of all known large-scale regular sea bottom features. The residual component of the vertical velocity is one order of magnitude less than the horizontal residual velocity and is directed upward above the crests and downward toward the troughs. These residual flow components cause a residual circulation Figure 9 . Schematic representation of the relationship between secondary circulations of the boundary layer, zones of convergence and divergence on the sea bed, sand ribbons, and sedimentary furrows in the model of furrow maintenance according to Viekman et al. [1992] . Copyright 1992 by the American Society of Limnology and Oceanography, Inc.
that favors the growth of the bed form, as shown in Figure 9 . In situ measurements show up-and downwelling phenomena of the 3-D current velocity field contributing significantly to the interaction between marine sand waves and the tidal flow, which has not been known before in detail [Hennings et al., 2004] . The up-and downwelling regimes cause remarkable depressions at the troughs of sand waves with a maximum depth of 2 m and a width of up to 50 m. Similar circulation patterns associated with Langmuir super cells off the coast of New Jersey of the eastern U.S. coast have been identified also by Gargett et al. [2004] .
[22] For the formation of wreck marks like sand ribbons at the sea bed (as shown in Figure 3 ) and the manifestation of the associated radar signature at the water surface (as imaged in Figures 4-6 ) as well as due to spatial considerations an elliptical vortex pair or elliptical helical flow cells are assumed as a first approximation to explain the interactions between the wreck/sand ribbons, the (tidal) current, the residual flow, and the water surface roughness.
[23] The space vector R of a point on an ellipse in the Cartesian coordinate system is defined as:
with C = a · e and e = (a 2 + b 2 ) 1/2 , where a and b are the length scales of the large and small half axis of an ellipse, respectively. The elliptical coordinates x e and y e are defined within the domain of 0 ≤ x e ≤ ∞ and 0 ≤ y e ≤ 2p, respectively.
[24] Because of the lack of in situ measurements, a tangential current u*(u*,n*) of an elliptical gyre at the sea surface is introduced here. The current components u* and v* can be approximated as functions of (based on tangential wind of circle symmetrical cyclones in the atmosphere):
where R = jRj, z is the water depth, U 0 = jU 0 j, and f is an empirical constant that describes the ageostrophic behavior of the residual flow circulation and has to be determined experimentally. In this study, only the perpendicular current component of the secondary circulation cell u* relative to U 0 is considered and v* is neglected against u* as a first approximation because it is assumed that v* is small in comparison to u*.
[25] The shape of a sand ribbon, representing the sea bottom topography, will be approximated by a Gaussian function like: where h 0 is the amplitude of the sand ribbon and F is the socalled shape parameter, which determines with h 0 the slope of the sand ribbon. Equation (17) can be rewritten as:
where z max is the maximum water depth. Assuming -d (-R) = 0, equation (18) yields:
Using Z = R(x)/z(x) in equation (16a), the elliptical vortex current gradient of equation (16a) is then given by:
with the following relations:
Inserting equations (21)- (23) in equation (20) yields:
The next step will be done for defining the zero passage at the space variable x. It is assumed that the NRCS modulation of equation (1) executes a zero passage at the space variablex = 0. It follows that ∂u*/∂x performs also a zero passage and under the assumption of u* ≠ 0, either the first parentheses term or second brackets term on the right hand side of equation (24) has to be zero. It is decided that the first parentheses term of equation (24) is the most suitable term for defining the zero passage due to a simple analytical calculation. Then it follows that ∂u*/∂Z = 0 and it resultsZ = ffiffiffiffiffiffiffi ffi 1=2 p . Finally, the relationz = ffiffi ffi 2 p · R has been obtained. With
the result for F can be derived from equation (25) and is given by (again with consistency ofx = 0 as explained previously):
For further calculations, ∂u perp /∂x perp of equation (13) has been replaced by ∂u*/∂x of equation (24) for reasons of clearness. The value of ∂u perp /∂x perp at the water surface, as required in equation (13), was obtained by extrapolation from the modeled depth dependence of the magnitude of ∂u*/∂x.
[26] For the Birkenfels wreck data discussed in section 2, only one of the two possible circulation cells downstream of the wreck is active in causing the manifestation of the radar signature. Otherwise the bright and dark signatures as well as the spatial scales of (dI/I 0 ) RAR are not consistent with the Figure 12 . Simulation of (ds/s 0 ) sim as a function of x perp for four different effective incidence angles of 60°≤ 0 ≤ 75°. The other parameters are the same as has been used for comparison of (ds/s 0 ) sim and (ds/s 0 ) meas described in the text discussion of Figure 11d (section 4). theoretical assumptions. The reason for the manifestation of only one bright as well as one dark radar signature can be due to the following effect: The inactive circulation cell has been not developed to such an extent that the current gradients become too weak to produce a significant NRCS modulation, which can happen due to changing tidal current directions of U 0 relative to the orientation of the wreck and sand ribbon, which has been indeed observed above marine sand waves [Hennings et al., 2000] . But the uncertainty over the true nature of the water motion around the wreck underlines just how valuable in situ current measurements would have been in this situation. On the basis of these considerations, Figure 10 presents a schematic view of the radar imaging mechanism of the submerged Birkenfels wreck and the associated sand ribbon. More details are described in Figure 10 's caption.
Simulated and Measured NRCS Modulation
[27] Results of the applied theory and the comparison of simulated and measured NRCS modulation are summarized in Figure 11 . The simulated water depth as a function of position (−100 m ≤ x = x perp ≤ 100 m) with a total length of x perp = 200 m is presented in Figure 11a and has been used for all simulations (see also Figure 10 ). Figure 11b shows the simulated perpendicular current speed u perp = u* relative to U 0 . A maximum current speed of u perp max = 0.34 m s −1 has been calculated. The strain rate or the gradient of the perpendicular component relative to U 0 of the current velocity ∂u perp /∂x perp is presented in Figure 11c . Minimum and maximum values of the "strain rate" of −0.0084 and 0.0088 s Caponi et al. [1988] . The direction of c g has been assumed equal to the wind direction from 270°. For all simulations the perpendicular component of c g relative to U 0 in the direction of x perp has been used. The simulated NRCS modulation (ds/s 0 ) sim presented in Figure 11d shows a maximum modulation (ds/s 0 ) sim max = 0.26 at the minimum strain rate and the measured maximum NRCS modulation (ds/s 0 ) meas max = 0.38 is located also at the minimum strain rate. The measured minimum modulation (ds/s 0 ) meas min = −0.31 at the maximum strain rate position agrees fairly well with the simulated modulation (ds/s 0 ) sim min = −0.29 with a coinciding phase relation. The results of (ds/s 0 ) sim presented in Figure 11d show the best fit to (ds/s 0 ) meas based on available in situ data and most consistent other parameters like m.
[28] For the following simulations of (ds/s 0 ) sim , all parameters have the same values as described for Figure 11d except the four varying effective incidence angles of 60°≤ 0 ≤ 75°. The results are presented in Figure 12 . The calculated NRCS modulation increases with decreased incidence angles. The highest maximum modulation of (ds/s 0 ) sim max = 1.00 Figure 14 . For U w ≥ 7.74 m s −1 , a variation in wind speed corresponds to a variation of the upper integration limit k v in equation (5). For U w < 7.74 m s −1 , a variation in wind speed is attributed to constant integration limits from k 0 to k g , but the wind-dependent empirical relation for B was used, which is defined by equation (9). The other parameters are again the same as has been used for comparison of (ds/s 0 ) sim and (ds/s 0 ) meas described in the text for Figure 11d . The maximum modulation of (ds/s 0 ) sim max = 0.45 as well as the minimum modulation of (ds/s 0 ) sim min = −0.40 have been calculated at the wind speed of U w = 7 m s −1 . Relative maximum and minimum extremes of (ds/s 0 ) sim have been obtained for wind speed simulations of U w = 11 m s −1 . The simulations of (ds/s 0 ) sim for U w > 11 m s −1 are identical with the simulations of U w = 11 m s −1 because the relative upper limit of (ds/s 0 ) sim at U w = 11 m s −1 is due to the integration limits defined in equations (5) and (11).
[31] Figure 15 shows the simulation of (ds/s 0 ) sim as a function of position for four different relaxation rates of 0.10 s −1 ≤ m ≤ 2.50 s −1 . The other parameters are again the same as has been used for comparison of (ds/s 0 ) sim and (ds/s 0 ) meas described in Figure 11d 's caption. The local minimum of (ds/s 0 ) sim at x = −40 m for m = 0.10 s −1 is due to the different weighting effects of the two terms defined by cos 4 ( 0 + d) and tan
Concerning the results shown in Figures 12-15 , it can be summarized that the NRCS modulation of the wreck/sand ribbon signature is best defined within the inner regions of the radar swath width and at higher current velocities as it is expected, whereas the wind influence shows a roughly 7 m s −1 transition zone optimum and higher relaxation rates generally tend to shield the effect out.
Discussion and Conclusions
[33] The presented theory is a first-order theory describing the NRCS modulation in the capillary as well as in the gravity wave ranges of the wave energy density spectrum due to secondary flow circulation or helical eddies caused by the investigated submerged wreck/sand ribbon configuration. The theoretical model proposed in this study is not able to explain all aspects of the NRCS modulation due to submerged wrecks associated with sand ribbons in coastal waters. However, the quasi-specular scattering theory does produce Figure 14 . Simulation of (ds/s 0 ) sim as a function of x perp for four different wind speeds of 5 m s −1 ≤ U w ≤ 11 m s -1 . For the two lowest wind speeds of U w = 5 m s -1 and U w = 7 m s -1 , respectively, for B equation (9) was applied. The other parameters are the same as has been used for comparison of (ds/s 0 ) sim and (ds/s 0 ) meas described in the text discussion of Figure 11d (section 4). sensible results at this stage in our understanding and can explain certain aspects of the radar signature. This subject has been shown by simulations of the NRCS modulation and by comparison with measured NRCS modulation data caused by the Birkenfels wreck of the southern North Sea. That the quasi-specular theory is able to explain the radar signature of this wreck/sand ribbon may be due to the fact that the Birkenfels wreck is lying more or less subparallel to the dominant regional tidal current direction.
[34] Quasi-specular scattering becomes dominant at higher radar frequencies like K a and X band at wind speeds >7-8 m s −1 for the imaging of oceanographic and meteorological phenomena at the ocean surface. This implies that the NRCS for small water surface waves is proportional to the total variance of slopes created by ocean surface waves. It has been shown by Wu [1972] that the mean-square slopes of the sea surface vary logarithmically with the wind speed and not linearly. The Phillips' wave number spectrum of capillary waves in the equilibrium range has been herein verified. It was also shown by Wu [1972] that the correlation of the surface roughness height with the mean-square slope further indicated that the growth of small waves is mainly due to the direct action of the wind. Unfortunately, the relaxation rate m remains one of the most crucial parameters in weak hydrodynamic interaction theory and has to be taken into consideration applying the presented theory. Comprehensive discussions concerning m have been published by Caponi et al. [1988] and Hennings et al. [2001] . Another crucial point is the assumption of a particular type of current field for the transverse circulation cells rather than its direct in situ measurements. This could be expressed by the pretty large maximum current speed of 0.34 m s −1 (see section 4). It has also to be noticed that the time-dependent perturbation terms caused by the disturbance of the surface current dU(x) due to perturbations at the sea bed such as submerged wrecks associated with sand ribbons can be modeled on the assumption of a Gaussian distribution of the elemental facets responsible for the specular scattering.
[35] A good question for future work is how to make a more rigorous in situ test of the various predictions made in this paper. A study of the temporal evolution of the whole imaging mechanism in a future campaign coupled with in situ measurements of the current field offer a way to strengthen the validity of the presented theory. Another good topic to consider lies outside of the immediate subject of submerged wrecks: How about the radar signatures from helical circulation cells set up by a regular pattern of sand waves or other sea bottom topography features? How about the relevance of this study to the radar imaging of helical flow regimes in rivers?
[36] From the results of the Birkenfels wreck/sand ribbon at ebb tidal current phase and for wind speeds of 3 m s −1 ≤ U w ≤ 11 m s −1 as well as for water depths <40 m, the following generally conclusions can be drawn for the K a band radar imaging mechanism:
[37] 1. The detection of radar signatures of wrecks can support rapid wreck search of hydrographic agencies of shallow sea areas to enhance shipping safety. Figure 15 . Simulation of (ds/s 0 ) sim as a function of x perp for four different relaxation rates of 0.10 s −1 ≤ m ≤ 2.50 s −1 . The other parameters are the same as has been used for comparison of (ds/s 0 ) sim and (ds/s 0 ) meas described in the text discussion of Figure 11d (section 4).
[38] 2. Wreck marks like sand ribbons as well as radar signatures of wrecks are indicators of local (tidal) current directions.
[39] 3. Radar signatures of wrecks associated with sand ribbons are indicators of secondary flow regimes or helical circulation cells triggered by unidirectional (tidal) current flow caused by a submerged wreck.
[40] 4. The bright edge of an imaged radar wreck/sand ribbon signature correlates with the windward direction.
[41] 5. Radar signatures of submerged wrecks associated with sand ribbons depend on radar parameters, size and shape of the wreck itself, orientation of the wreck relative to the dominant (tidal) current direction, surrounding water depth, water depth above the wreck, and local wind and current conditions.
[42] 6. The simulated NRCS modulation (ds/s 0 ) sim and the measured NRCS modulation (ds/s 0 ) meas have the same order of magnitude with a coinciding phase relation. The difference between (ds/s 0 ) sim max and (ds/s 0 ) meas max is less than 31.6% and the difference between (ds/s 0 ) sim min and (ds/s 0 ) meas min is less than 6.5%. These results are acceptable but need to be improved.
[43] 7. Simulations of (ds/s 0 ) sim as a function of position show a strong dependency on the effective incidence angle 0 . The NRCS modulation decreases with increasing effective incidence angles. This is consistent with the applied theory.
[44] 8. Simulations of (ds/s 0 ) sim indicate a less strong dependency on the unidirectional current speed U 0 in the range of 0.4 m s −1 ≤ U 0 ≤ 1.2 m s −1 . The NRCS modulation increases with higher values of U 0 . The difference of (ds/s 0 ) sim max at all considered simulations is only 0.11; the corresponding difference of (ds/s 0 ) sim min = −0.15.
[45] 9. Simulations of (ds/s 0 ) sim as a function of U w show first an increase until the value of U w = 7.74 m s −1 has been reached within the transition zone of 4.5 m s −1 ≤ U w ≤ 8.5 m s −1 [Wu, 1972] , and then a decrease at higher wind speeds. The explanation for an increase of (ds/s 0 ) sim at low to moderate wind speeds is because B increases with U w according to equation (9). In addition, the combination of equations (11) and (12) give rise to a stronger increase of ds 2 than s 0 2 , which results finally to a stronger modulation of (ds/s 0 ) sim . The indicated decrease of (ds/s 0 ) sim at higher wind speeds >7.74 m s −1 is due to the parameterizations of Wu [1972] for B and B ′ , which is responsible for the strong increase of s 0 2 . This fact is due to the consideration of the capillary as well as the gravity wave regimes of the wave energy density spectrum for (ds/s 0 ) sim of the applied theory.
[46] 10. Simulations of (ds/s 0 ) sim as a function of the relaxation rate m show quite different results. In the divergent regime of the current, the NRCS modulation increases with decreasing relaxation rates. In the convergent regime of the current, the maximum NRCS modulation is 65% smaller than the minimum NRCS modulation and show one existing local minimum of (ds/s 0 ) sim for the simulation with m = 0.10 s . Here m is considered a free parameter and it remains a crucial parameter in weak hydrodynamic interaction theory.
